Abstract-As opposed to metasurfaces, metagratings represent themselves sparse arrangements of scatterers. Established rigorous analytical models allow metagratings to overcome performance of metasurfaces in beam steering applications while handling less degrees of freedom. In this article, we deal with reflective metagratings that have only as few as one degree of freedom (represented by a reactively loaded thin wire) per each propagating diffraction order. We present a detailed design procedure and fabrication of three experimental samples capable of establishing prescribed diffraction patterns. The samples are experimentally studied in an anechoic chamber dedicated to radar cross-section bistatic measurements and results are compared with three-dimension full-wave numerical simulations. We identify and analyze factors affecting operating frequency range of metagratings suggest a strategy to increase the bandwidth.
I. INTRODUCTION
A DIFFRACTION grating, defined as a periodic optical structure with infinite extent in one direction diffracts waves incident on its surface [1] . Being imposed by the periodicity of a grating, which can be of the order of a freespace wavelength or greater, an incident wave is scattered as propagating diffraction orders only in certain directions. Concerning their applications, diffraction gratings have been widely used in laser resonators to tune and narrow lasing bandwidth [2] , [3] . Blazed or echelette gratings [4] - [6] capable of scattering an incident wave into a specific diffraction order have been applied in frequency-scanning reflector antennas [7] - [10] and for radar cross-section (RCS) reduction [11] , [12] at microwave frequencies and in Littrow mount external cavity lasers in optics [13] . Classical blazed gratings are 3-D structures that generally take the form of right-angle sawtooths [14] and rectangular grooves [5] . V. Popov is with SONDRA, CentraleSupélec, Université Paris-Saclay, F-91190 Gif-sur-Yvette, France (e-mail: uladzislau.papou@centralesupelec.fr).
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Digital Object Identifier 10.1109/TAP.2019.2957729 Fig. 1 . Schematic of the system under consideration: a periodic array of loaded thin wires (pink cylindrical lines) placed on PEC-backed dielectric substrate having permittivity ε s and thickness h. The array is excited by a TE-polarized plane wave incident at angle ζ .
In the last few years, 2-D metamaterials, also known as metasurfaces [15] , have been applied to mimic blazed gratings functionality [16] . Metasurfaces representing themselves as very thin structures have been proposed as planar alternatives to metamaterials to exhibit light manipulation possibilities in various frequency domains, extending from microwave to visible frequencies. Local magnitude and phase of reflection and/or transmission coefficients of a metasurface can be controlled and can thus be used to manipulate scattered wavefront of an incident beam. As such, metasurfaces have been used to perform functions including anomalous reflection and refraction [17] - [22] , deflection [23] - [27] , lensing [23] , [24] , [28] - [31] , thin-film cloaking [32] - [34] , coupling of propagating waves to surface waves [35] , [36] , optical vortex beams generation [37] - [42] , and holographic imaging [43] - [48] , to name a few.
Most of the metasurface-based wavefront manipulation geometries rely on the generalized laws of reflection and refraction presented in [17] . However, several studies have shown that this approach suffer from low efficiency, particularly in configurations where extreme wave manipulation is considered (see, e.g., [49] - [51] ). Moreover, implementation 0018-926X © 2019 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
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of field transformations into physical metasurface structures can reveal to be highly challenging and drawbacks concerning optimization time, design complexity of subwavelength periodically arranged resonant meta-atoms and material losses still exist. Very recently, the concept of metagratings evolved from classical diffraction gratings has been proposed as an interesting alternative to metasurfaces for boosting wavefront manipulation efficiency [52] . They are designed for diffraction engineering by canceling a finite number of undesired propagating diffraction orders and allowing desired ones to radiate. In general, a metagrating is an array of scatterers (polarizable particles) separated by a distance of the order of the operating wavelength λ. The sparse arrangement of scatterers does not allow one describing metagratings in terms of local reflection and transmission coefficients (or surface impedances) as metasurfaces. In terms of meta-atoms, a metagrating consists of a limited number of meta-atoms in a supercell (period) compared to a metasurface which is composed of supercells incorporating numerous meta-atoms with subwavelength periodicity. Although metagratings can be considered as relatively simple systems in comparison to metasurfaces, functionalities such as perfect anomalous reflection and perfect beam splitting have been demonstrated in [52] - [55] , where three propagating diffraction orders were considered at most and were handled by only two or three degrees of freedom. In [56] , [57] , the concept was generalized and the possibility to fully control an arbitrary number of propagating diffraction orders by means of a specific number of degrees of freedom was demonstrated.
Essentially metagratings can be understood by considering an example of 1D metagratings represented by a periodic array of supercells composed of N thin wires each. An incident wave excites polarization line currents in the wires resulting in the scattered field represented by Floquet-Bloch modes which are defined by the period L of the array (i.e., the length of the supercell). In particular, the diffraction angles of the propagating diffraction orders can be found via the grating formula:
where m represents the number of an order and ζ i is the incidence angle of an impinging plane wave. Furthermore, a line current is mathematically represented by the 2-D Dirac delta function δ(y, z) that allows one to find the scattered field analytically, i.e., to know the complex amplitudes of all diffraction orders (propagating and nonpropagating).
In what follows, we deal with a particular configuration of 1-D metagratings when thin wires are placed on the top of a metal-backed dielectric substrate as illustrated in Fig. 1 . A plane-wave illumination is assumed and the wires interact only with the TE-polarized field. As it was shown in the theoretical study [56] , the complex amplitudes A TE m of the electric field of the reflected plane waves are given by the following expression:
where k and η are, respectively, the wavenumber and the characteristic impedance outside the substrate, ξ m = k sin[ζ i ] + 2πm/L and β m = k 2 − ξ 2 m represent, respectively, the tangential and normal components of wavevector of the plane waves, and R TE m is the corresponding Fresnel's reflection coefficient. Equation (1) suggests that complex amplitudes of all M propagating diffraction orders can be set arbitrarily if there are at least N = M line currents I q in a supercell. Other parameters of the system, such as the parameters of the substrate and the distances between the line currents, are assumed being fixed conversely to previously mentioned studies in [52] - [55] .
Although here we focus on the TE polarization and reflective configuration of metagratings, the case of TM polarization can be studied similarly by means of duality relations (see, e.g., [58] , [59] ). The mathematical approach used in [56] to derive (1) can be straightforwardly generalized on transmissive-type metagratings, as the particular configuration studied in [60] .
In this work, based on the theoretical study of [56] , the design of simplified metagratings composed of the number of loaded wire as the considered number of propagating diffraction orders, is presented. The load-impedance densities of the wires are calculated and engineered from subwavelength wire elements. Measurements are performed on fabricated samples to experimentally validate the theoretical results. The rest of this article is organized as follows. In Section II we provide the design methodology of the reflective-type metagratings. Section III is devoted to the discussion of the experimental results and their comparison to simulation results. In the same section, we discuss the mechanism behind the observed wide-band response of the proposed metagratings (see also [54] and [56] ). Section IV concludes this article.
II. DESIGN PROCEDURE
In order to be able to control the diffraction pattern with a metagrating one has to carefully engineer it. The design procedure can be decomposed into five main steps, as outlined in the flowchart depicted in Fig. 2 . The design procedure begins by setting the period of the metagrating and the incidence angle. It defines the set of Floquet-Bloch modes representing the scattered field. Next, an appropriate dielectric substrate for a given frequency range should be chosen: its thickness h and relative permittivity ε s are set, so that no waveguide mode is excited in the frequency range of interest [56] . Waveguide modes are analog of surface plasmon polaritons responsible for well-known grating anomalies (or Wood's anomalies). On the other hand, the presence of waveguide modes leads to divergence of certain Fresnel's reflection coefficients R TE m , manifesting themselves in significant numerical errors. Thus, in order to select a good substrate for a given metagrating's period L, one can plot the absolute value of the first few Fresnel's reflection coefficients corresponding to nonpropogating diffraction orders as a function of the substrate's parameters (thickness and permittivity) and avoid poles. As a rule of thumb, a substrate with low permittivity and thickness of the order of λ/(4 √ ε s ) is a good candidate for the design of metagratings. After the principal parameters of a metagrating are fixed, the calculation of the characteristics of scatterers composing the metagrating should be performed. Incident plane wave excites polarization line currents I q in loaded thin wires that can be characterized by load-impedance density Z q and inputimpedance density Z in . Each configuration of the diffraction pattern requires a different set of load-impedance densities found from the Ohm's law
The right-hand side of (2) represents the total electric field at the location of the qth wire (including the self-action qp are called mutual-impedance densities and are calculated from analytical formulas that can be found in [56] , [57] , and [59] . Generally, load-impedance densities found from (2) require engineering active and/or lossy response, i.e., [Z q ] = 0. For instance, in order to perform a large angle nonspecular reflection by means of a N = M metagrating, one has to cancel two propagating diffraction orders out of M = 3 present (as in the case of normal incidence). Then, the conditions A TE −1 = 0 and A TE 0 = 0 leave one with only a single variable (being the phase of A TE 1 )
that cannot be used to satisfy three different equations
providing that the load-impedance densities Z q calculated from (2) are purely reactive (the asterisk stands for the complex conjugate). Physically, the set of (3) expresses the power conservation conditions: the total power supplied to each wire is fully radiated by it. It should be noted that (1) relates the complex amplitudes and currents, i.e., (3) can be rewritten in terms of A m , with m numbering propagating diffraction orders. In order to satisfy the set of equations (3) while dealing with N = M metagratings, spurious scattering in undesired propagating diffraction orders is permitted. By doing so, we sacrifice the efficiency for the sake of a metagrating that incorporates only reactive elements and has as few as one wire in the period per each propagating diffraction order. An optimal configuration is achieved by numerically maximizing the power α m = |A T E m | 2 β m /β 0 scattered in desired propagating diffraction orders while keeping (3) satisfied. Once the optimal complex amplitudes are found, the second step of the design procedure is completed.
Next, load-impedance densities are calculated from (2) (the third step) and implemented by wire elements engineered at a subwavelength scale (the fourth step). In a general case, both capacitive [Z q ] < 0 and inductive [Z q ] > 0 loads might be required [57] . However, in the examples considered further, only capacitive elements are necessary (for details on the design of inductive elements, see [57] and [59] ). It is assumed that the samples would be fabricated by means of the conventional printed-circuit-board (PCB) technology. Thus, thin wires are represented by metallic strips of width w λ, t m = 35 μm thickness, and input-impedance density Z in = kηH (2) 0 (kw/4)/4 as given in [61] . Capacitive loads are obtained by means of a microstrip-printed capacitances, as illustrated in Fig. 3(a) . Load-impedance density of printed capacitances can be approximated analytically using formulas for sheet impedance of a patch array [62] as it is done in [53] , [54] , [56] , and [57] . Although the analytical model represents a simple tool for designing metagratings, it has to be completed with a phenomenological scaling parameter which is found by means of 3-D full-wave simulations of an entire supercell and, thus, is not unique for different supercells. On the other hand, a recently developed simulation-based approach [59] allows one to construct metagratings in the "unit cell by unit cell" manner within the local periodic approximation (LPA). Conversely to analytical models, simulation-based approaches are advantageous for being able to consider all practical aspects of meta-atoms, such as finite thickness of the metal cladding, conduction and dielectric losses. Furthermore, instead of FIG. 4(A)-(C) performing computations on a whole supercell, the LPA deals with a single unit cell at a time and takes analytically into account the interaction between adjacent wires to retrieve the load-impedance density of a wire. Within the LPA method, a wire from a nonuniform array representing a metagrating is placed in the corresponding periodic environment with the period d < λ. The uniform array is illuminated by a plane wave incident at the angle ζ in and the complex amplitude of the specularly reflected wave A T E 0 is recorded. Then (1) is used to retrieve an equivalent current in wires of the uniform array with the number of wires per period N = 1. Equation (2) allows one to calculate the load-impedance density of the wire by subtracting the input-impedance density Z in and the mutual-impedance density Z (m)calculated analytically. The details on the LPA for designing metagratings can be found in [59] .
The final step of the design procedure is to compose a supercell out of designed unit cells and verify the structure using 3-D full-wave numerical simulations.
We design three experimental samples of metagratings operating at 10 GHz (λ ≈ 30 mm) and excited by a normally incident plane wave (ζ i = 0). The functionalities of these three samples are schematically illustrated in Fig. 4(a)-(c) . The first sample deals with three diffraction orders maximizing the power scattered in the +1st order and suppressing scattering in the the −1st and 0th orders. Hence, it is composed of three unit cells per supercell, which has a length L = λ/ sin(60 • ). At 10 GHz this metagrating is able to achieve anomalous reflection at 60 • degrees. The second and third samples each have five unit cells per supercell of length L = 2λ/ sin(50 • ). It allows one to control five diffraction orders: −2nd, −1st, 0th, +1st, and +2nd. The second sample maximizes the power scattered in the +1st propagating diffraction order and thus performs small angle anomalous reflection, corresponding approximately to 23 • at 10 GHz. The third sample equally excites the −2nd and +1st orders while suppressing the three others. The h = 5 mm thick F4BM220 dielectric substrate having permittivity ε s = 2.2(1 − j 10 −3 ) is selected as a good candidate for the examples under consideration.
On the basis of these specifications, the required loadimpedance density are calculated by means of (1)-(3) and presented in Table I Fig. 3 (a) . In 3-D full-wave simulations performed with COMSOL MULTIPHYSICS, periodic boundary conditions are applied to the side faces of the unit cell and the model is excited with a periodic port. Parameters w and B are fixed to 0.25 and 3 mm, respectively. The arm's length A of the printed capacitance is used as a tuning parameter for the load-impedance density. The loadimpedance densities are first extracted from the S 11 parameter of the unit cell as detailed by the procedure in [59] and then plotted as function of A in Fig. 3(b) . Although being built for two different parameters d, the two curves in Fig. 3(b) almost coincide. It proves that the analytical model used in [59] to take into account the interaction between adjacent wires and the substrate allows one to obtain the load-impedance density of a wire itself and not of a corresponding array. However, it is well known that the electric response of a microstrip-printed capacitance significantly depends on the relative permittivity of the substrate as well [62] , [63] . It is due to the fact that a strong and highly localized electric field penetrating the substrate is established in the gap between the two arms of the printed capacitance. Being microscopic, this effect cannot be taken into account by the macroscopic model employed in the LPA [59] to account for the interaction with the substrate. Thus, when substituting a substrate, one has to repeat the whole design procedure from the beginning. In the end, the retrieved load-impedance densities are compared to the required ones and are used to tailor the geometrical parameters of the microstrip-printed capacitances listed in Table I . The designed unit cells are put together to form supercells of the samples. Photographies of the fabricated metagratings are displayed in Fig. 5(a)-(c) and their physical size is approximately 480 mm (y-direction) by 160 mm (x-direction).
III. SIMULATION AND EXPERIMENTAL RESULTS
In this section, we demonstrate experimentally the control of diffraction patterns with the proposed and fabricated metagrating designs. The samples are tested in an anechoic chamber dedicated to radarcross section bistatic measurements, where transmitting and receiving horn antennas are mounted on a circular track of 5 m radius. A schematic representation of the experimental setup is shown in Fig. 5(d) and (e). In the current experiments, the transmitter is fixed and the receiver moves with 1 • step and the minimum angle between the transmitter and the receiver for the scanning is 4 • . In order to be able to measure the specular reflection, the transmitter is fixed at ∓2 • . Thus, the experiments are conducted in two steps: when the transmitter is fixed at ∓2 • , the receiver moves from ±2 • to ±90 • , as it is clearly illustrated in Fig. 5(d) and (e) . Fig. 4(d) -(f) visualize angle measurements of the scattered power in the frequency range spanning from 6 to 18 GHz. It is clearly observed that the positions of the main lobes (corresponding to diffraction orders) are in perfect agreement with the results given by the grating formula ζ m = sin −1 (mc/(β L) + sin[ζ i ]) (represented by black dashed curves). Here c is the speed of light in vacuum and β is the frequency. However, the spectrum of waves scattered from a finite-size sample in the far-field is much more complex than just a few plane waves representing propagating diffraction orders. Thus, in order to estimate the performance of the samples we execute next steps following [55] , [57] . In the first place, we localize each diffraction order between the angles ζ (1) m and ζ (2) m which correspond to 3 dB of the power attenuation with respect to the maximum power of the lobe. The maximum is found near the angle
. Finally, the normalized power f m (β) scattered in a given diffraction order m at the frequency β is estimated by means of the following integral formula:
where P(β, ζ ) is the absolute power scattered in the receiving angle ζ at the frequency β. The summation in the denominator is performed over all propagating diffraction orders at the frequency β. Fig. 4(g)-(i) show the performance of the experimental samples [solid curves obtained by means of (4)] as function of the frequency, scattering losses represent the power scattered in undesired diffraction orders. The dashed curves demonstrate the results obtained from 3-D full-wave simulations (a supercell with imposed periodic boundary conditions and excited by a periodic port). By comparing the solid and dashed curves, one can observe a good agreement between the experimental and simulation results.
Although the samples were designed to operate at a single frequency (10 GHz), it is seen that the scattering losses remain low in a wide range of frequencies. One of the most important factors affecting an operating frequency range is the frequency response of unit cells. Resonant elements, in a general manner, significantly decrease an operating frequency range (see, e.g., [57] , [59] ). As demonstrated by Fig. 3(b) , unit cells used to construct experimental samples do not exhibit resonances at 10 GHz. Since the designed metagratings possess a number of degrees of freedom equal to the number of propagating diffraction orders, it is expected that the scattering losses increase when approaching frequencies where the number of propagating diffraction orders changes (corresponding to different areas in Fig. 4(g) -(i) labeled with roman digits). While it is the case for the second and third samples, the performance of the first one decreases far before the appearance of the second propagating diffraction orders, see Fig. 4 
(g)-(i).
It unveils yet another crucial factor influencing an operating frequency range: excitation of waveguide modes discussed in the very beginning of Section II. Although we avoid waveguide modes around the design frequency of 10 GHz, they may appear at lower or higher frequencies and this is exactly what happens in the case of the first sample. Waveguide modes are eigenmodes of the grounded substrate and their eigenfrequencies correspond to poles of the Fresnel's reflection coefficients R TE m . At the eigenfrequency of a waveguide mode, the incident plane wave is not only specularly reflected from the grounded substrate, but it is also partially coupled to the waveguide mode. The excitation field E q in (2) and (3) is no longer represented by the sum of the incident wave and the specular reflection from the grounded substrate. It should be modified to include the waveguide mode, which cannot be done within the framework of an infinite periodic structure. Indeed, an excited waveguide mode exponentially grows along the propagation direction (one can track the analogy with a receiving leaky-wave antenna) meaning that the phase factor exp(− jk sin[ζ i ]L) providing the field evolution over a period of the structure along the y-direction will be modified as well. Specifically, the absolute value of the factor will be different from unit, what leads to the divergence of the field when y → +∞ or y → −∞. In the case of the first sample, a waveguide mode is excited at the frequency when the Fresnel's reflection coefficient R TE 2 diverges. It should be noted that in the considered frequency range, Fresnel's reflection coefficients corresponding to other nonpropagating diffraction orders are regular. In the experimental and simulation data, the waveguide mode manifests itself in the resonance observed around 16.4 GHz, as shown in Fig. 4(d) and (g) . As demonstrated in Fig. 6 , the excitation of the waveguide mode can be suppressed by choosing a thinner substrate (for, e.g., 2.5 mm instead of 5 mm) which enables restoring the performance over the entire range of frequencies where there are three propagating diffraction orders (see blue curves in Fig. 6 ). Fig. 6(a) presents the computational results of maximizing at each frequency the power of a normally incident plane wave coupled to the +1st propagating diffraction order in the three unit cells per period metagrating, assuming purely reactive load-impedance densities. Alternatively, eigenfrequencies and the number of waveguide modes in a given frequency range can be changed by adjusting the relative permittivity of the substrate or the period of the structure.
IV. DISCUSSION AND CONCLUSION
To conclude, we have described in detail the design procedure of reflective metagratings and tested three experimental samples' ability of establishing prescribed diffraction pattern in a wide frequency range. The experimental results have demonstrated a good agreement with 3-D full-wave simulations. Following a theoretical article [56] , we have experimentally verified the concept of metagratings for controlling multiple beams with as few as one degree of freedom (represented by a reactive load) per a propagating diffraction order. We have identified the main factors affecting the operating frequency range of metagratings: frequency response of unit cells, appearance of new propagating diffraction orders and excitation of waveguide modes. It should facilitate the development of wide-band beamforming devices in the future.
The performance of considered metagratings is restricted by the power conservation conditions (3) as it is discussed in detail in Section II. Noteworthy, reflecting metasurfaces face the same difficulty (see, for example, [49] , [50] ) with notable exception of [21] and [64] , which are rather special cases. Generally, the efficiency of nonspecular reflection is used to evaluate the performance of conventional reflectarrays, i.e., efficiency decreases when the angle of nonspecular reflection increases, as it can be observed when comparing Fig. 4 (g) and (h). However, highly efficient multichannel reflection can still be achieved as it has been demonstrated by the results in Fig. 4(i) .
Previously it was reported that perfect (without spurious scattering in the far-field) anomalous reflection [52] , [54] , [55] and beam-splitting [53] can be achieved with a single element per supercell, with an experimental demonstration available in [55] . Metagratings composed of a single unit cell provide restricted functionality and do not allow one to control multiple diffraction orders. Furthermore, in these studies the parameters of a grounded substrate were used as an additional degree of freedom to satisfy the power conservation condition. This fact makes it impossible to harness a substrate in order to improve the frequency response of a metagrating. On the other hand, Popov et al. [57] have demonstrated, both theoretically and experimentally, that it is possible to establish a diffraction pattern arbitrarily by means of metagratings with the number of reactively loaded wires per period twice as many as the number of propagating diffraction orders. For designing supercells, all the studies discussed in this paragraph used either a straightforward optimization via fullwave simulations or semi-analytical models complemented by simulations of a whole supercell. On the contrary, in this work we have employed and experimentally verified a systematic design procedure based on the local periodic approximation. Generally, it allows one to consider complex unit cells not accessible by simple semi-analytical models and significantly decreases the amount of time spent on the design in comparison to optimization procedures based on full-wave simulations of supercells.
Finally, the authors would like to point out some recent studies addressed in literature that include metagratings operating in the transmission regime [60] or both transmission and reflection regimes [65] , and metagratings operating in other frequency domains such as terahertz [66] , optics [67] - [69] , and visible [70] . The majority of metagratings demonstrated at optical or visible frequencies operate in the transmission regime. Importantly, design procedures which are different from the ones mentioned in this work are used by the photonics community to manipulate diffraction patterns with metagratings. In particular, they include topology optimization [67] and engineering of multipole moments [68] .
